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TiO is one of the intermediate phases in the titanium - oxygen 
system with a crystal structure of the sodium chloride type. The phase 
extends from about 22 to 29 weight or about 46 to 55 atomic percent 
oxygeno A comprehensive survey of the physical properties of the phase 
has been made in previous investigations (see review of literature), 
but only impure titanium was available at that time. Therefore, some 
revision of the measurements had to be made. Also, neither the thermal 
expansion coefficients nor the temperature at which the lattice constants 
were measured were reported. 
For precision determination of lattice parameters, the purity of the 
material to be used is extremely important. As TiO has a wide range of 
solid solubility, both with titanium and oxygen, it is very difficult to 
prepare a sample which has an exact TiO composition. So, about five 
samples of different composition within the range of the TiO phase were 
prepared and analyzed. The precise lattice parameter of each sample was 
determined by the x-ray asymmetric powder method at temperature intervals 
of ten degrees between about l6°C and 6o°C. 
This method allows one to determine: 
(1) The thermal expansion coefficient: this is calculated from the 
lattice parameter - temperature plots, as the slope of the line, represent-
ing the linear expansion coefficients of the sample, can be easily deter-
mined. 
(2) The lattice constants of the samples at 25°C: from the lattice 
constant - temperature plots, the constants at 25°C can be read. 
2 
{3) The effect of composition on the lattice parameter of the 
TiO phase: by plotting the lattice paran:eter of the samples at 25°C 
against their compositions. 
( 4) The precise lattice parameter of pure TiO at 25°C: from 
the lattice parameter - composition plot the precise lattice parameter 
of TiO can be read. 
Finally, determining the densities of the samples, using the 
method described by Aka(1), the soundness of the crystal lattice of 
TiO solid solution can be evaluated. 
3 
CHAPTER II 
REVIEW OF LITERATURE 
Titanium and oxygen form interzrediate phases TiO, Ti2 0:3 and 
Ti~ with increasing oxygen content, investigated by Ebrlich(2 ) in 
1939. The crystal structures of the three phases are cubic (sodium 
chloride), hexagonal-rhombohedral and orthorhombic respectively. 
Ehrlich measured the lattice constants of the TiO phase as a function 
of composition: the lattice constants decreased with increasing oxygen 
content, from 4.182 kx for Tio0•69 to 4.152 kx for Tio1•33• MOreover, 
the calculated densities differed widely from the measured densities. 
Ehrlich explained this in terms of unoccupied lattice points in the 
crystal, and gave the following interesting data to illustrate his 
point (see Table I). The last column of the Table shows that the 
number of molecules per unit cell is less than 4. 
TABLE I 
(Ehrlich, 1939) 
Composition ~ (kx) Density Atoms in the unit cell 
(pyconorreter) 
Ti00.69 4.182 4.941 4(o.96 Ti + o.66 o) 
TiOl.OO 4.165 4.888 4(o.85 Ti + o.85 o) 
Ti01.12 4.159 4.776 4(o.81 Ti + 0.91 o) 
Ti01.25 4.157 4.723 4(0.77 Ti + 0.96 0) 
Tiol.33 4.152 4.608 4(o.74 Ti + 0.98 o) 
This unsaturated lattice undoubtly accounts largely for the existence 
of the phase over such a wide range of composition. As only impure 
4 
titanium 1-1as available at that tizoo, so~ errors in his results had 
to be expected. 
w. Rostoker(3) also found that the lattice parameters of TiO 
phase decreased linearly with increasing oxygen content across the 
whole TiO single-phase field. Rostoker's curve is shown in Fig. I. 
Rostoker's alloys were purer than those of Ehrlich's. However, neither 
the thermal expansion coefficients nor the temperature at which the 
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a versus at. ~ 0 
according to Rostoker. 
CHAPTER III 
EXPERIMENTAL PROCEDURE 
(A) Preparation of the Samples: 
Titanium powder containing some oxygen, (Belmont Smelting and 
Refining Works, Inc. 99·97% pure, -200 mesh) was well mixed with a 
calculated amount of titanium dioxide (Fisher Scientific Company, 
5 
99·96% pure, -300 mesh). The mixture was put into an alundum crucible 
and heated in a vacuum resistance furnace at l4oo°C for 4 hours. A 
second crucible containing titanium powder was heated with the sample 
to serve as a getter for the gases still present in the evacuated tube. 
After cooling down to room temperature:, the sample was put into a quartz 
tube with one end sealed. The air in the tube was pumped out through the 
open end which was again sealed when a vacuum of 5 # in the tube was 
secured. Then the quartz bulb (about 3 inches long 1/2 inch in diameter) 
with the sample was heated in a horizontal furnace. The annealing temp-
erature was 1000°C, since there is a phase transformation for TiO solid 
solution at about 935°C(4). The sample, after being annealed for 12 hours, 
was dropped into a container with a large amount of cool water in it. Thus, 
the sample was quenched from 1000°C. 
(B) Chemical Analysis: 
The hydrogen evolution method for analysis of Ti-0 alloys, developed 
here(5), was utilized for this purpose. About 0.1 gram of the finely 
crushed sample was weighed and dissolved in 6N HF. The volume of the 
evolved hydrogen was read in a gas burette and corrected to S.T.P. The 
reaction between the sample, TiOXJ and HF is as follows: 
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TiOx + 3HF = TiF3 + xB20 = (1. 5 - x)lf2 
It is evident that when x = 1. 5 (that is Ti2 0s) no ~ is evolved in 
the reaction. On the other hand, when x • 0 (that is pure Ti), the 
reaction gives 1.5 moles of H2 for one mole of titanium. TiOx actually 
is a solid solution of Ti and Ti20S• Therefore, by the amount of H2 
evolved per mole of TiOX, the composition and formula of the alloy can 
be determined. For more conventional purposes, the calculation is as 
follows(5): 
wt. % o = 33.4 - o.o475 JL 
-w (l) 
where V is the volume of the evolved H2 in c.c. at standard conditions 
and W is the wt. of the sample in grams. 
The accuracy of the method depends mainly on the precision of read-
ing the volume of the evolved H2, which is about t 0.5 c.c. Therefore, 
the error S for equation (1) can be estimated as follows: 
s = o.o475 x ~ = to.2 wt. % oxygen 0.1 
(C) Lattice constants and corrections: 
The finely divided powder of TiOx solid solution was stuck to a 
lithium boron glass fiber, covered with a thin layer of oil and mounted 
on a sample holder. The specimen less than 0.2 rnm in dia.neter was 
centered under the microscope and placed together with the cover on a 
64 mm camera suitable for asymmetric film mounts(6). A diffraction 
pattern was obtained using unfiltered Cu radiation in about l 1/2 hours. 
The pattern was indexed using the graphical method described by 
Straurnanis(7). This involved the measurerrent of the Bragg angles (9) 
from the film {see Appendix, Table I). Two reflection circles (100 mm 
7 
radius for Cuke(/ , and 121.2 mm radius for Cuk ~ ) were drawn and by 
projecting the 2Q angles on the circle diameter, the powder lines obtained 
with Cukol1 and Cuk~ radiations were indexed (see Appendix, Fig. I). 
In order to select the radiation giving the best back reflection 
angle, additional reflection circles representing Cokct,, Fe ae, and Crk0l 1 k 
were drawn. The radii of the reflection circles were obtained from the 
following relationship: 
(2) 
where r 1 is the radius of Cukct,reflection circle being equal to 100 mm., 
;t,-the wave length of Cuke<• being equal to 1.537395 kx and r 2 - the radius 
of the reflection circle of a radiation having wave length;L~ 
Co radiation ( Kct,: 1. 78896 A) gave the highest back reflection line 
No. 20 ( 420 d,) under the angle Q ~ 74 °. Accordingly, Co radiation was 
selected for the investigation on TiD solid solution. 
X 
Ten films were taken for each sample at intervals of about l0°C 
between 16 and 6oec. The exposures were carried out by heating the camera 
in a thermostat maintaining a constant temperature within ± 0.05°C. 
Further information concerning the experimental method and apparatus used 
is given by E. z. Aka in his Ph D. thesis(7). Reference should be made 
to this work and to other publications(S) (9). 
The lines of the films were then measured by deterrtining the distance 
between the peak intensities of corresponding rings which are located 
symetrically on either side of the point of entry or exit of the x-ray 
beam. The lattice constant was calculated from the last s~ 420ci, line. 
The measured set of lines in the front reflection region, together with 
the line 420ottin the back reflection region, served to determine the 
8 
effective film circumference and the conversion factor. The detail 
of film measurement is described by Straumanis(6). 
After obtaining the Bragg angle Q from the film measurement, the 
lattice parameter of the cubic cell was calculated as follows: 
a = A. (E h2)1/2 
2 SinQ (3) 
where ..:tis the wave length of Co d, being equal to 1. 788896 A and L, h2-
k 
the sum of the squares of the Miller index which in this experiment is 
(420). Therefore, the equation can be simplified as follows: 
a= 1.788896 (42 + 22 + o2) 
2 Sin Q 
= 4.00009310 
sin Q 0 in A 
Certain corrections had to be made to obtain the true lattice 
(4) 
constants. One of these was the refraction correction given by Jette 
and Foote ( 10) and is as follows: 
(5) 
where a is the lattice constant after correction, an-- the measured 
lattice constant, d- the density of the sample in gjcm3, n- the refraction 
order and Zh2- the sum of the square of the Miller indexeso 
For the present investigation, it was found for TiO: 
an= 4.1766 A, d = 4.917 gjcm3, and n~h2 = 20. Therefore: 
a= 4.1766 (1 + 5.4 X 4.182 X 4.917 X 10-6 ) 
20 
= 4.1766 (1 + 0.0000232) 
' 0 
= 4.1766 + 0.000097 A 
9 
The refraction correction was in the order of 0.0001. This was within 
the limits of error and was not used. 
Then there was the absorption correction which was estimated by 
plotting l/2(cos2Q/sinQ + cos29/Q) against the lattice constants as des-
cribed by Nelson and Riley(ll). This correction was also in the order of 
0.0001 A (see Appendix Table II and Fig. II) and was not used. 
(D) The Thermal Expansion Coefficients: 
The linear expansion coefficient is merely the slope of the lattice 
lipe 
constant-temperature/divided by the lattice constant. It is expressed in 
the following form: 
1 A a 
-a 4t (6) 
where, Aa is the change of the lattice constant with respect to the change 
of the temperature At. In a cubic cell, the volume expansion coefficient 
is equal to three times the linear expansion coefficient: 
f3 = 3 (;(_ (7) 
(E) Perfection of the Crystal Lattice: 
In order to evaluate the soundness of the crystal lattice of TiO 
X 
solid solution, the densities of the Sa.rtq?les were determined. The method 
used for these measurements was essentially the one described by Baker 
and Martin(12). In brief, the measurerrents were carried out as follows: 
The degased po~er sample together with its container hanging on aPt wire 
was immersed in benzene and weighed. Then the benzene in the sample 
container was evaporated completely. The dry sample was then weighed in 
air. The density of the sample was calculated from the following equation: 
d = (d - d ) (b-e) 
s 1 g (b-e) - (a-e) (8) 
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Where, ds is the density of the sample, 
d1 - the density of the benzene at experimental temperature t
0 e 
(dl = 0.90005 - 1.0636 X 10-3t - 0.037 X l0~6t2 ) (l3), 
dg - the density of air at temperature t 0 e and pressure of the 
balance room, 
a - the weight of the cup, Pt wire and the sample immersed in 
benzene, 
b the weight of the cup, Pt wire and the sample in air, 
c - the weight of the cup and Pt wire in air, 
e - the weight of the cup and Pt wire immersed in benzene. 
The perfection of the crystal lattice can be determined in calculating 
the actual number of molecules per unit cell. The equation is as follows: 
nr = d v N 
M 
Where, M is the molecular weight in g/mole (calculated from TiOx), 
d - the density of the sample in gjcm?, 
(9) 
v - volume of the unit cell in cc. (cube of the lattice constant), 
N - Avogadro's number (6.024o3 x 1023 mole-1). 
Since the chemical formula of the substance is TiOx' the number of Ti atoms 
per unit cell is equal to the number of molecules per unit cell (n'), and 
the number of 0 atoms per unit cell is equal to n'x. For the sodium chloride 
type crystal, the number of atoms per unit cell is 4 when all of the lattice 
points are occupied. Therefore, the percentage of vacancies in the crystal 
lattice for both Ti and 0 can be calculated as follows: 
4 - n' % vacancy of Ti atoms = 4 x ~00 




(F) The Error Calculation: 
In order to determine the accuracy of the methods involved in 
chemical analysis, lattice constant determination, density determination 
and calculation of the number of the atoms per unit cell, certain error 
estimation has to be made. 
For chemical analysis, as mentioned in the preceeding section, the 
error occuring in calculation of oxygen percent was ± 0.2. The error of 
the TiOx molecular weie;ht calculation would then be + 0.2 x AA/100; where 
~ A is the difference between the atomic weight of Ti and 0 which is 
-1 31.9 g.mole o Accordingly, the error of the molecular weight from chemical 
analysis would be ± o.o6 g.mole-1. 
The error in lattice constant measurement was estimated as follows: 
All of the lattice constants at exposure temperature '\vere reduced to 25°C 
by u~ans of the linear expansion coefficient. The average lattice constant 
at 25°C was obtained from all of these reduced lattice constants. The 
deviation, d , from averace value to actual reduced value for each temper-
x 
ature was calculated. Then the most probable error, S', was calculated as 
follO\-lS: (12) 
Where, n is the number of measurenents. Equation (12) was also applied 
ror the calculation of the error in density determination. 
Finally, the error of the number of molecules per unit cell, An', 
was calculated as follows (ll~): 
A n' = + n' (( )Aa)2+ (~ d)2 + ( ll M)2 + (A N)2J l/2 (l3) 
- a d M N 
where, ~a/a, a,djd, ~lvl/M andAN/N are the relative errors of lattice 
12 
constant, density, molecular weight and Avogadro number respectively. 
The relative errors are obtained using S' for A a, JO. d and AM. 4 N represents 
the largest deviation from the average value of the most reliable N cal-




(A) Chemica~ Analysis 
The results of the chemical analysis for all five samples are 
tabulated in Table II. For detail, see Appendix Table III to Table VII. 
Table II 
Chemical Analysis 
No. of the \rlt. % At. )b 
Sample Oxygen Oxygen 0/Ti TiOx 
I 22.4 46.4 0.864 TiO 
0.864 
II 24.4 1+9.3 0.972 Ti00 9 • 72 
III 26 •. 1 51.4 1.058 Ti0l.058 
rv 27.8 53.6 1.152 Ti01.152 
v 28.7 54.7 1.205 Ti01 2 • 05 
(B) Lattice Constants 
The lattice constants for all five samples are tabulated in Table III 
to Table VII. For detail, see Appendix Table VIII to Table XII. The cal-
culations were made using Equation (4) p. 8. Correction for absorption and 
refraction, as mentioned previously, are not used because of the uncertainty 
of chemical analysis. Therefore, the lattice constant measurements ~ill be 
reported anly with five significant figures. 
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Table III 
Lattice Constants of TiOo.864' Co-radiation 
Reduced to 25.0 °C 
0 
Temperature a(A) a reducei to 25°C (oc) (A) 
20.0 4.18475 4.18497 
:;o.o 4.18519 497 
4o.o 4.18567 500 
50.0 4o18567 499 
6o.o 4.18650 495 
Average 4.18498 ! o.oooo1 A 
or 4.1850 + 0 
- 0.0001 A 
Table IV 
Lattice Constants of Ti00•972, Co-radiation 
Reduced to 25.0 °C 
0 
Temperature a(A) a reduced to 25.0°C (oc) 
20.0 4.17788 4.178oO 
;o.o 4.17815 8o4 
4o.o 4.17841 8o6 
50.0 4.17861 8o3 
6o.o 4.17881 8oo 
average 4.178o3 ! 0.00003 
4.1780 + or - 0.0001 
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Table V 
Lattice Constants of Tio1•058, Co-radiation 
Reduced to 25.0°C 
0 
Temperature 
(oc) a(A) a reduced to 25.0°C 
16.0 4.17308 4.17339 
30.0 4.17343 325 
40.0 4.17384 331 
50.0 4.17423 331 
6o.o 4.17458 335 
average 4.17332 ± 0.00004 
or 4.1733 t 0.0001 
Table VI 
Lattice Constants of Tio1•152, Co-radiation 
Reduced to 25.0°C 
0 
Temperature afA) a reduced to 25.0°C (oc) (A) 
16.0 4.16872 4.16897 
30.0 4.16902 888 
40.0 4.16917 875 
50.0 4.16955 885 
6o.o 4.16998 901 
average 4.16889 t 0.00007 
or 4.1689 t 0.0001 
Table VII 
Lattice Constants of TiO Co-radiation 
1. 205' 
Reduced to 25.0°C 
20.0 4.16606 4.16619 
30.0 4.16615 599 
4o.o 4.16665 615 
50.0 4.16693 609 
6o.o 4.16736 618 
Average ~-.16612 :t o. 00006 
or 4.1661 + 
- 0.0001 
The temperature-lattice constant plots for all five sru~les are 
shown in Fig.JI. 
(c) Thermal Expansion Coefficients 
~1e linear expansion coefficients and volume expansion coefficient, 
for all sru~les are tabulated in Table XIII. 
Table XIII 
Thermal Expansion Coefficients 
(at 25°C) 
~ )( J06 f3)(to6 
Tio0 •86J+ 9.6 28.8 
Ti00.972 5·5 16.5 
TiOl.058 8.3 24.9 
TiOlkl52 6.7 20.1 
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The densities for all five srouples are tabulated in Table XIV. 
For detail, see Appendix, Table XIII to Table XVII. The calculations 
were maa~ us~n~ equation {8) page 9. 
Table XIV 





















4.9978 ± 0.0009 
or 4.998 ± 0.001 
4.9534 ± o.ooo6 
or 4.953 ± 0.001 
4.9()78 ! 0.0012 
or 4.9()8 ± 0.001 
4.8542 ± 0.0007 
or 4.854 ± 0.001 
4.8027 ± Oo0009 
or 4.803 ± 0.001 
The composition-density plot is shown in Fig. III. The density of 
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{E) Perfection of the Crystal Lattice 
The perfection of the crystal lattice is expressed here in terms 
of per cent vacancies of both titanium atoms and oxygen atoms. The 
results are summarized in Table XV. The calculations were made using 
equation (10) and (11) page 10. 
Table XV 
Perfection of the Crystal Lattice of TiOx 
Sample Volume of molecular densities n' % v~cancies 
unit cell weight (g/c~) (±0.003) (- 0.1) (A3) (gm mole-1) (maec,lunitreiL) Ti 0 
Tioo.864 73.297 61.73 4.998 ).57 10.6 22.8 
Ti00.972 72-931 63.45 4.953 ).43 14.2 16.6 
*.TiOl.OO 72.857 63.90 4.917 3-39 15.1 15.1 
TiO 72.686 64.82 4.909 3·35 17o1 12.3 1.058 
Ti01.152 72.454 66.33 4.854 3.19 20.2 8.1 
Ti01.205 72.)08 67.18 4.8o3 3.11 22.2 6.) 
* Interpolated values. 
The error of An' calculation, according to equation (13) page 11, 
is as follows: 
From Ti01•00 data: 
A n, + (( 0.0003 )2 ( 0.001 )2 ( 0.06)2 ( 0.0003 )2 J 1/2 = - 3.39 ~,175b + 4.917 + 63.9 + 6.o24o 
+ 
= - 0.003 
% vacancies error ~ ± 0.003 x 100 
4 




TiO, as mentioned previously, has a wide range of solid solubility 
with both titanium and ortgen. The boundaries of the phase were studied 
by E. s. BUII:q?s(4 >using metallographical methods. At 1000°C, the TiO 
X 
single phase boundary is located at 22.5 wt. % oxygen for the titaniu~ 
rich side and at 29.2 for the oxygen rich side. This is quite in agree-
ment with the results of the present x-ray phase study, since the samples 
quenched from l000°C, with composition of less than 22.0 wt. 1~ or more 
than 29.8 wt. % oxygen showed two phases in x-ray diffraction patterns. 
The lattice constants of the five samples, being within the range of 
the TiOx single phase (from 22.4 to 28.7 wt. %oxygen), were determined 
in intervals of about l0°C between 16 and 60°C and were reduced to 25.0°C 
{see Chapter IV p. 16). The surmnerized.data are tabulated in Table XVI. 
A composition - lattice constant plot is shown in Fig. I~. The plot 
Table XVI 
Lattice Constants of TiOX 
at 25.0°C 
Sample Wt. % Oxygen At. % Oxygen a 25.ooc (! 0.2) (! 0.0001) 
TiOo.864 22.4 46.36 4.1850 
Ti00.972 24.4 49.28 4.188o 
* TiO 
- 1.00 25.0 50.00 4.1766 
TiOl.058 26.1 51.4o 4.1733 
Tiol.l52 27.8 53·55 1~.1689 
TiOl.205 28.7 54.65 4.1661 




















The Lattice Constants or TiOX 































47 48 49 50 51 52 53 
Atomic % Oxygen 
54 55 
22 
shows that the lattice constant of TiO decreases linearly with increas-
x 
ing oxygen content which agrees with Eb!lich's and Rostoker's results. 
The lattice constant of the exact 'I'iO composition (50 at. % oxygen) was 
read from Fig. IV end the value was inserted in Table XVI. This value 
comparing it with Ehrlichts and Rostocher's is as follows: 
Lattice Constant of TiOl.OO (A) 
Ehrlich 4.173 (see Table I) 
Rostocker 4.168 (see Fig. I) 
Present work 4.1766 + 0.0001 (at 25°C) 
The constant thus retermined is larger than that obtained by Ehrlich and 
0 
Rostocker (4a.= 0.0036 and o.oo86 A)., This may be attributed to the 
difference in purity of titanium and to the absence of a stated temperature 
by both Ehrlich and Rostocker. 
TiO crystal lattice has 15.1% vacancies as shown in Table XV P. 20. 
No definite explanation has been offered by Ehrlich. However, the 
dimensions of metallic and ionic diameter of titanium and oxygen allow to 
give some explanation for the vacancy formation. The data collected from 
books (15) are as follows: 
Metal or Ion Diameter (A) 
Ti0 2.92 
o2- 2.64 
Ti2+ 1.50 * 
Ti3 + 1.38 
Ti4 + 1.26 
* The diameter of Ti2+ion was calculated from an expression used by 
Pauling (3) 
23 
where R is the ionic radius, Z the ionic change number and n and A are 
constants (n~ 9) 
whence DT.2+ = D 4+ ( Z~i+4 )1/4 ~ ~ ZTi+2 
= 1.26 (-~)~ 2 
0 
= 1.50 A 
Titanium is a transitional element with vale.ncies +2, +3, or +4. 
If we consider TiO as a ionic compound, then the valence of titaniwn is 
+2. The closest approach of o2- and Ti2+ is 4.14 A (in a NaCl type lattice) 
which is fairly agreeable with the lattice constant obtained here (4.1766 A). 
But, the lattice constant - composition plot in Fig. IV shows that the 
lattice constants of TiO solid solution decrease with increasing oxygen X 
content, meaning that larger particles are replaced by the smaller ones. 
In other words the diameter of the titanium particle in TiOx solid solution 
should be larger than the diameter of the oxygen ion. The metallic titanium 
atom is the only one which has a diameter (2.92 A) larger than the oxygen 
ion. Therefore, there are undoubtedly some metallic titanium in TiO solid 
X 
solution; or we can regard TiO as a solid solution of Ti20s and Ti; (Ti2Qs)Ti = 
3Ti0. This seems to be true from the point of view of chemical analysis, 
since the hydrogen volume, developed by TiO solid solution in HF, agrees with 
X 
the formation of (Ti2 0s)Tix. This is also the way the composition of the 
TiOx solid solution were calculated (see p. 6 ). Also, the TiOx samples 
were prepared by heating the mixture of metallic titanium and Ti02, thence 
seems to be some metallic titanium in TiOx solid solutions. Because of the 
presence of Ti 0 in TiOx solid solution, the process Ti 0 ~ Ti3 + + 3e is also 
expected to occur in the sample, in order to neutralize the charge when o2-
24 
is introduced into the lattice. Accordingly, titanium in the TiO solid 
X 
solution presents in form of Ti 0 , Ti2+ and Ti3 + having different diameters 
and developing a rather complicated lattice. Therefore, the lattice con-
stants of TiO obtained here is only a mean value of this complicated lattice. 
It is meaningless to say that the 15.1% lattice vacancies are really empty. 
The calculated vacancies may result from the fact that the larger metallic 
titanium atoms occupy more than one lattice point in the hypothetical normal 
Ti2+02- lattice. Of course, the explanation given is just a qualitative one. 
A further study of the atomic or ionic distribution in the lattice has to be 
made to explain quantitatively the amount of vacancies observed. But this 
is already outside of the present work. 
APPENDIX 
TABLE I 
DATA for GRAPHICAL INDEXING 
1013 Ti01•205 (28.7 %0 by wt.), Cu Radiation, Room Temp. 
Front Reflection 
Intensity w. M. M. v.st. M. St. v.w. M.·- M. v.v.w. 
Right Reading 69.584 71.715 72.585 75.081 82.266 86.028 90.254 93.000 95.232 97-565 Left Reading 32.073 29.854 29.009 26.489 19.363 15.570 11.344 8.598 6.)66 4.033 Sum (Front R) 101.657 101.569 101.594 101.570 101.6o2 
4 Q in mm. 37-511 41.861 43.576 48.592 62.930 70.458 78.910 84.402 88.866 93-532 
2 Q in Degree 33-73 37.64 39.18 4,3.69 56.58 63.35 70.95 75.89 19·90 84.09 ( h k 1) 111( ~ ) 111(a.) 200( ~) 200(a:..) 220( (3) 220{d...-) 222( ~) 311{Gt..) 220(0L) 400( ~) 
Back Reflection 
Intensity v.v.w. w. v.w. w. v.w. St. v.v.w. v.st. v.v.w. St. v.v.w. 
Right Reading 198.945 197.820 197.138 191.179 189.821 188.864 183.872 178.666 172.146 168.867 160.6o3 
Left Reading 102.868 103.993 104.675 110.634 111.936 112.922 1l.7.957 123.211 129.763 132.959 141.206 
Sum (Back R.) 301.757 301.786 301.829 3()1.877 301.809 301.826 3Q1.8o9 
4 Q in mm. 104.138 · 106o388 107.752 119.670 122.330 124.273 134.,QI 144.76o 157.832 164.301 18o.818 
2 Q in Degree 93.63 95.65 96.88 107.60 109.99 111.73 120.75 130.15 141.91 147.723 162.57 ( h k l) 311( ~) 4oO(oL) 420( ~) 311('i) 422( ~) 420(ct) 333( ~) 422(c:t) 440( (3) 333(oG) 531( {3) 
Average Sum of Back Reflection 301.813 
Average Sum of Front Reflection 101.598 
Circumference 200.215 
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Table II 
Absorption Correction 
No. 1067 Tio1•205 Co-radiation 20°C 
Right Reading 71.892 75-905 89.1'* 196.935 193-964 Left Reading 23.229 19.200 5·9 98.028 100.999 
Sum 95.121 95.105 95.105 294.963 294.963 
4 Q in mm 48.663 56.705 83.213 100.951 106.893 
Q in Degrees 21.914 25-535 37.473 45.460 48.136 
a 4.1511 4.1500 4.1584 4.1621 4.1605 
l/2 (Co~~G + Cos2 G) 2.279 1.857 1.000 0.635 0.563 Sin G G 
No. 1068 Tio1•205 Co-radiation 20°C 
Right Reading 70.573 74.588 87.825 195.543 192.626 
Left Reading 21.898 17.893 4.656 96.730 99.647 
Sum 92.471 92.481 92.481 292.273 292.273 
4 Q in mm 48.675 56.965 83.169 100.979 106.813 
Q in Degrees 21.927 2,.539 37.465 4,.488 48.116 































Ti01•2 o5 , Co-rad., 20DC 
1.8 lo6 1.4 1.2 1.0 0.8 0.6 
~ ( cos:ae + cos~e ) 













Chemical Analysis of Sample I 
Room Temperature {°C) 
Barometric Press. (mm Hg) 
Wt. of Samp. + Cruc. {g.) 
Wt. of Crucible {g.) 

















Critical Volume {cc) 
Bar. Press. Corr. (rmn Hg) 
Water Vap. Press. (mm Hg) 
Total Press. Corr. {mrn Hg) 
Hydrogen Pressure {mm Hg) 
Vol. Corr. Factor 
%Oxygen (by wt.) 
Weight % Oxygen 
Oxygen/Titanium • X 
































































Chemical Analysis of Sample II 
Room Temperature (°C) 
Barometric Press. (mm Hg) 
Wt. of Samp. + Cruc. (g.) 
Wt. of Crucible (g.) 

















Critical Volume {cc} 
Bar. Press. Corr. (mm Hg) 
Water Vap. Press. (mm Hg} 
Total Press. Corr. (mm Hg) 
Hydrogen Pressure (rom Hg) 
Vol. Corr. Factor 
%Oxygen (by wt.) 
vleight % Oxygen 
Oxygen/Titanium= X 


































































Chemical Analysis of Sample III 
Trial I 
Room Temperature tt) 29.5 
Barometric Press. (mm Hg) 741.1 
Wt. of Samp. + Cruc. (g.) 0.4583 
Wt. of Crucible (g.) 0.3963 

















Critical Volume(cc) 10.9 
Bar. Press. Corr. ~rom Hg) 2.35 
Water Vap. Press. mm Hg) 17.10 
Total Press. Corr. (mm Hg) 19.45 
Hydrogen Pressure {mmHg) 721.6 
Vol. Corr. Factor 0.8860 
%Oxygen (by wt.) 26.0 
Weight % Oxygen 
Oxygen/Titanium = X 





































Chemical Analysis of Sample IV 
Room Temperature ( °C) 
Barometric Press. (mm Hg) 
Wt. of Samp. + Cruc. ·(g.) 
Wt. of Crucible (g.) 































Critical Volume {cc) 
Bar. Press. Corr. (mm Hg) 
Water Vap. Press. (mm Hg) 
Total Press. Corr. (mm Hg) 
Hydrogen Pressure 
Vol. Corr. Factor 
%Oxygen {by wt.) 
Weight % Oxygen 
Oxygen/Titanium = X 


















































Chemical Analysis of Sample V 
Trial I 
Room Temperature ( °C) · 27-5 
Barometric Press. (mm. Hg) 733.0 
wt. of Samp. + cruc. (g.) 0.5356 
Wt. of Crucible (g.) o.4o49 

















Critical Vol~ {cc) 15-7 
Bar· Press. Corr. ~l!Ull Hg) ;.27 
Water Vap. Press. nnn Hg) 27-53 
Total Press. Corr. (mm Hg) 30.8o 
Hydrogen Pressure (nnnHg) 702.2 
Vol. Corr. Factor 0.8385 
%OXygen (by wt.) 28.8 
Weight % OXygen; 
OXygen/Titanium =X; 



































Lattice Constants of Tio0•864 
Co-radiation 
20°C 30°C 4ooc 
Film Number no5 1106 1097 1098 1099 1100 
Right Reading 77.331 77.084 81.310 83.876 81.988 8o.412 
Left Reading 21.034 20.795 24.666 27.520 25.670 24.007 
Sum (Front Ref. ) 98.365 97.879 105.976 111.396 107.658 104.419 
Right Reading 107.987 107.698 172.018 174.491 172.699 171.240 
Left Reading 130.086 129.797 139.993 136.561 134.697 133.183 
Sum (Back Ref. ) 298.063 297.495 ;o6.011 311.052 307.396 ;o4.423 
Circumference 199.698 199.616 200.035 199.656 199 .. 738 200.004 
Conversion Factor 0.45068 0.45087 0.44992 0.45076 0.45059 0.44998 
4 Q in nun. 161.797 161.715 162.010 161.726 161.736 161.947 
Q in Degrees 72.919 72.913 72.892 72.900 72.877 72.873 
go (av. of 2 films) 72.916 72.896 72.875 
Sin Q 0.9558751 0.9557725 0.9556646 

































Film Number 20°C 
1117 1118 
Right Reading 78.994 78.813 
Left Reading 22.506 22.350 
Sum (Front Ref. ) 101.500 101.163 
Right Reading 169.160 169.039 
Le:ft Reading 131.916 131.808 
Sum (Back Ref. ) 301.076 3()0.847 
Circumference 199.882 199.684 
Conversion Factor 0.45027 o.4507:l-
4 G in mm. 162.638 162.453 
Q ill •• 73.231 73.219 




a (A) 4.17788 
TABLE IX 
Lattice Constants of Tio0•972 
Co-radiation 
30°C 4ooc 
1119 1120 1121 1122 
79.296 78.794 79.683 79.676 
22.856 '22.355 23.266 23.259 
102.152 101.149 102.949 102.935 
169.550 169.049 170.005 170.017 
132.305 131.795 132.707 132.731 
301.855 300.844 302.712 302.748 
199.703 199.695 199.763 199.813 
0.45067 0.45069 0.45053 0.45042 
162.458 162.441 162.465 162.527 





































Lattice Constants of TiO 
1.058 
16°C 30°C 40°C 
Film Number 1075 1076 1083 1084 1077 1078 
Right Reading 76.125 78 .. 121 79.461 75.611 76.841 78.910 
Left Reading 19.429 21.559 22.893 19.023 •• 219 22.326 
Sum (Front Ref. ) 95.544 99.680 102.)54 94.634 97.060 101.236 
Right Reading 166.315 168.116 169.511 165.716 166.907 169.109 
Left Reading 129.482 131.364 132.708 128.897 130.057 132.225 
Sum {~ck Ref.) 295·797 299.480 302.218 294.613 296.966 301.333 
Circumference 200.243 l99.8oo 199.864 199.979 ' 199-906 200.097 
Conversion Factor 0.44945 0.45045 0.45031 0.45005 0.45021 0.44978 
4 Q in mm. 16).410 16).048 163.061 163.160 163.058 163.212 
Q in Degrees 73.445 73.445 73.428 73.430 73.410 73.409 
Q (av. of 2 films) 73.445 73.429 73.410 
Sin0 0.9585467 0.9584671 0.9583724 



































Lattice Constants of' TiO 
1.152 
Co-radiation 
16°C 30°C 4ooc 
F:!Jlm Number ld73 1074 1095 1096 1071 1072 
Right Reading 8o.516 82.8o2 75.619 76.783 75.546 78.227 
Left Reading 23.885 26.179 19.105 20.365 18.882 21.726 
Sum (R + L) 104.4o1 108.981 94.724 97-148 94.428 99-953 
Right Reading 170.402 172.667 165.277 166.481 165.477 167.968 
Left Reading 134.062 130.316 128.996 130.190 129.073 131.645 
Sum (R + L) 304.464 308.983 294.273 296.671 294.550 299.613 
Circumference 200.063 200.002 199·549 19,.523 200.122 199.66o 
Conversion Factor 0.44986 0.45000 0.45102 o. 5108 0.44973 0.45077 
4 g in nun. 163.733 163.651 163.268 163.232 163.718 163.337 
Q in Degrees 73.652 73.644 73.637 73.631 73.629 73.627 
Q (average) 73.648 73.634 73.628 
Sin Q 0.9595502 0.9594813 0.9594469 
a (A) ~.16872 4.16902 4.16917 
50°C 
1093 1094 































Lattice Constants of Ti01•205 
Co-radiation 
20°C 30°C 40°C 50°C 60°C 
Film Number 1068 1067 1066 1065 1063 1064 1061 1062 1059 1060 
Right Reading 75.606 75.535 74.929 76.440 76.577 79.224 81.125 77.135 74.873 79.760 
Left Reading 20.942 18.870 18.250 19.750 19.939 22. 5~-5 24.459 20.444 18.236 23.18o 
Sum (Front Ref.) 92-548 94.405 93.179 96.190 96.496 101.769 105.584 97·597 93.109 102.940 
Right Reading 164.258 165.182 164.477 166.247 166.247 168.88o 170.665 166.802 164.531 169.338 
Left Reading 128.211 129.137 128.466 130.030 130.134 132.790 134.668 130.665 129.378 133.210 
Sum (Back Ref.) 292.469 294.319 292.842 296.134 296.381 301.670 305.333 297.467 292.909 302.548 
Circumference 19,.921 199.914 199.763 199·944 199.885 199.901 199·749 199.870 199.800 199.6o8 
Conversion Factor o. 5018 0.45019 0.45053 0.1~5013 0.45026 0.45022 0.45057 0.45029 0.45045 0.45088 
4 Q in mm. 163.871.~ 163.869 163.752 163.870 163.772 16).811 163.752 163.733 163.647 163.480 
Q in Degrees 73-773 13· 773 73-775 73-776 73.739 73-751 73-736 73-727 73.715 73-710 
Q {av. of 2 Films) 73.773 73.769 73-745 73-732 73-713 
Sin Q 0.9601621 0.9601426 0.9600254 0.9599619 0.9598640 




Determination of the density of rrioo.864 
Run No. I II III 
Experimental (mm Hg) 727.4 74o.2 731.6 
Conditions (°C) 25.2 21.6 26.5 
Weight of the cup in 
air (with Pt wire) (g.) 6.6:;28 6.0298 6.6329 
Weight of the cup in benzene 
(with Pt wire) (g.) 4.1549 3-7783 4.1843 
Weight of the cup 
with sample in benzene 
(with Pt wire) (g.) 4.4359 ~-.1561 4.5178 
Weight of the cup with 
sample in air (with Pt 
wire) (g.) 6.9675 6.4879 7-0368 
Density of air at 
experimental conditions 
(g./ crrf3) 0.00113 0.00117 0.00113 
Density of ben~ene at 
experimental conditions 
(g./ c!IP) 0.87320 O.f37704 0.87181 
Density of the sample at 
experimental Jonditions 
{g./crrf3 4.9991- 4.9979 4.9964 
Average density of the 
sarnp1e for three runs 
(g./ crrf3) 4.9978 
Deviation 0.0013 0.001 0.0014 
Standard Deviation ± 0.001 




Determination of the density of Ti00 
·972 
Run No. I II III 
Experimental (mm Hg) 734.6 74o.3 732.4 
Conditions («>c) 23.6 22.4 20.0 
vleight of the cup in 
air {with Pt wire) (g.) 6.0298 6.0297 6.o;o4 
Weight of the cup 
in benzene (with Pt 
wire) (g.) 3.7868 3.7824 ).7769 
vleight of the cup with 
sample in benzene 
(with Pt wire ) (g. ) 4.2168 4.1658 3·9915 
Weight of the cup with sample 
in air (with Pt wire) (g.) 6.5519 6.4954 6.2912 
Density of air at 
experimental conditions 
(g./ crrt3) 0.00115 0.00116 o•oo116 
Density of benzene at 
experimental conditions 
(g./ crrf3) 0.87490 0.87618 0.87842 
Density of the san~le at 
experimental conditions 0.9543 4.9526 4.9533 
Average density of the 
sample for three runs 4.9534 
Deviation + 0.0009 - 0.0008 
- 9.0001 
Standard Deviation : 0.0009 
Most Probable Error ~ o.ooo6 
Table XV 
Determination of the density of Tio1•058 
Run No. I II III 
Weight of the cup in 
air (with Pt wire) (g.) 6.6328 6.0297 6.0298 
Weight of the cup in 
benzene (~ith Pt ~ire) (g.) 4.1668 3-7949 3.7871 
Weight of the cup with 
sample in benzene 
(with Pt ~ire) (g.) 4.5994 4.2333 4.2167 
Weight of the cup with 
sample in air 
(with Pt wire) (g.) 7.1587 6.5626 6.5523 
Experimental {mm Hg) 730.2 730.2 732.3 
Condition (°C) 27.0 27.0 24.6 
Density of air at 
experimental conditions 
(g./ cffi3) 0.00112 0.00112 0.0013 
Density of benzene at 
experimental conditions 
(g./ crrf') 0.87128 0.87128 0.87384 
Density of the sample at 
experimental conditions 
(g./crr£3) 4.9059 4.9081 4.9095 
Average density of the 
sample for three runs 4.9078 
Deviation 
- 0.0019 0.0003 0.0017 
Standard Deviation !' 0.0018 
Mbst Probable Error ~ 0.0012 
42 
Table XVI 
Determination of the density of Ti01 .152 
Run No. I II III 
Experimental {mm Hg) 74o.1 74o.l 732.4 Condition (°C) 27-5 27.0 24.6 
Weight of the cup in 
air {with Pt wire) {g.) 6.6327 6.0297 6.6328 
Weight of the cup in 
benzene {with Pt wire) (g.) 4.1675 3·7948 4.1526 
Weight of the cup with 
sample in benzene 
(with Pt wire) (g.) 4.7342 4.3419 4.5174 
Weight of the cup with 
sample in air 
(with Pt wire) (g.) 7-3231 6.6963 7·0776 
Density of air at 
experimental conditions 
(g./ crrt3) 0.00114 0.00114 0.00113 
Density of benzene at 
experimental ~~ature 
{g./ crrf3) 0.87072 0.87126 0.87:?84 
Density of the sample at 
experimental condition 
(g./ crrP) 4.8545 4.8548 4.8534 
Average density of sample 
for three runs 
(g./ err!') 4.8542 
Deviation + 0.0003 + 0.0006 + 0.0008 
Standard Deviation + 
- 0.0007 
MOst Probable Error + 
- 0.0005 
Table XVII 
Determination of density of TiO 
1.205 
Run No. I II III 
Experimental {rnm Hg) 741.8 741.8 732.4 
Conditions (°C) 23.8 24.0 20.3 
Weight of the cup in 
air (with Pt wire) (g.) 6.6327 6.0296 6.6331 
Weight of the cup in 
benzene ( with Pt wire) (g.) 4.1517 3.7864 4.1447 
Weight of the cup with 
sample in 1:enzene 
{with Pt wire) (g.) 4.5455 4.4588 4.3971 
Weight of the cup with 
sample in air 
(with Pt wire) (g.) 7.1141 6.8515 6.9418 
Density of air at 
experimental conditions 
(g./ crrf3) 0.00115 0.00115 0.00116 
Density of benzene at 
experimental condition 
(g./c~) 0.87469 0.87447 0.87842 
Density of sample at 
experimental,condition 
(g.fcm3~ 4.8ol6 4.8o23 4.8o43 
Average density for 
three runs 4.8o27 
Deviation - 0.0011 - o.ooo4 + 0.0016 
Standard Deviation ~ 0.0014 
Most Probable Error + - 0.0009 
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